Although 14-3-3 proteins have been reported to be involved in responses to biotic stresses in plants, their functions in rice blast, the most destructive disease in rice, are largely unknown. Only GF14e has been confirmed to negatively regulate leaf blast. We report that GF14b is highly expressed in seedlings and panicles during blast infection. Rice plants overexpressing GF14b show enhanced resistance to panicle blast but are susceptible to leaf blast. In contrast, GF14b-silenced plants show increased susceptibility to panicle blast but enhanced resistance to leaf blast. Yeast one-hybrid assays demonstrate that WRKY71 binds to the promoter of GF14b and modulates its expression. Overexpression of GF14b induces expression of jasmonic acid (JA) synthesis-related genes but suppresses expression of salicylic acid (SA) synthesis-related genes. In contrast, suppressed GF14b expression causes decreased expression of JA synthesis-related genes but activation of SA synthesisrelated genes. These results suggest that GF14b positively regulates panicle blast resistance but negatively regulates leaf blast resistance, and that GF14b-mediated disease resistance is associated with the JA-and SA-dependent pathway. The different functions for 14-3-3 proteins in leaf and panicle blast provide new evidence that leaf and panicle blast resistance are controlled by different mechanisms.
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Although 14-3-3 proteins have been reported to be involved in responses to biotic stresses in plants, their functions in rice blast, the most destructive disease in rice, are largely unknown. Only GF14e has been confirmed to negatively regulate leaf blast. We report that GF14b is highly expressed in seedlings and panicles during blast infection. Rice plants overexpressing GF14b show enhanced resistance to panicle blast but are susceptible to leaf blast. In contrast, GF14b-silenced plants show increased susceptibility to panicle blast but enhanced resistance to leaf blast. Yeast one-hybrid assays demonstrate that WRKY71 binds to the promoter of GF14b and modulates its expression. Overexpression of GF14b induces expression of jasmonic acid (JA) synthesis-related genes but suppresses expression of salicylic acid (SA) synthesis-related genes. In contrast, suppressed GF14b expression causes decreased expression of JA synthesis-related genes but activation of SA synthesisrelated genes. These results suggest that GF14b positively regulates panicle blast resistance but negatively regulates leaf blast resistance, and that GF14b-mediated disease resistance is associated with the JA-and SA-dependent pathway. The different functions for 14-3-3 proteins in leaf and panicle blast provide new evidence that leaf and panicle blast resistance are controlled by different mechanisms.
Rice blast, caused by Magnaporthe oryzae, is one of the leading causes of yield loss in rice worldwide. A common problem in rice production is the short life of blast disease resistance in rice cultivars and, as a result, understanding how to extend the life span of blast resistance is a priority in rice improvement. Based on the infected parts, rice blast is classified as leaf blast and panicle blast. Compared with leaf blast, panicle blast is more destructive in terms of yield loss (Dai et al. 2007; Zhuang et al. 2002) . Although positive correlations are generally observed between leaf blast resistance and panicle blast resistance, this is not always the case (Zhuang et al. 2002) . Our recent evaluation of leaf and panicle blast resistance in 31 near-isogenic lines showed that several lines exhibited resistance to leaf but not panicle blast or vice versa (unpublished data). Furthermore, our genome-wide gene expression profiling of two contrasting rice varieties after challenge of leaves and panicles with the rice blast pathogen showed that, while some differentially expressed genes overlapped, others were clearly differently expressed between plants showing leaf versus panicle blast (unpublished data). These results suggest that the mechanisms of leaf and panicle blast resistance are different in rice. However, to date, almost all studies on rice blast resistance mechanisms are based on leaf blast. Thus, we have very limited knowledge about rice gene functions or regulatory mechanisms governing panicle blast resistance. Because the mechanisms may be different, it is necessary to understand gene functions in both leaf and panicle blast resistance before they can be effectively used for control of blast disease in rice.
In general, rice blast resistance can be manifested in two ways, qualitative (complete) resistance mediated by major disease resistance (R) genes and quantitative (partial) resistance contributed by multiple genes or quantitative trait loci (QTL) (Kou and Wang 2010; Fu et al. 2011) . Qualitative resistance conferred by R genes is highly efficient; however, it is race specific and this type of resistance may be easily overcome owing to the rapid evolution of pathogens (Fu et al. 2011; McDonald and Linde 2002) . In contrast, quantitative resistance conferred by QTL is presumably nonrace specific and is generally considered to be more broad spectrum and durable in natural conditions (Kou and Wang 2010) . Although quantitative resistance is the preferred strategy for blast control and more than 300 quantitative blast-resistant QTL have been identified (Ballini et al. 2008) , marker-assisted selection (MAS) for quantitative disease resistance has not been effectively used for blast control. The polygenic nature of quantitative resistance, the small effect of each QTL, and the low resolution of QTL mapping due to insufficient recombination make MAS for quantitative blast resistance difficult. Therefore, isolation and characterization of the genes underlying quantitative blast resistance is the key for effective use of quantitative disease resistance for blast control.
Map-based cloning has been widely used for isolation of major resistance genes with stronger effects. Thus far, 21 blast resistance genes have been cloned . However, it is difficult to use the same approach to isolate quantitative blast resistant QTL due to their polygenic nature and smaller effect of each QTL (Hu et al. 2008 ), and new strategy should be adopted. In recent years, much progress on plant defense responses (DR) has been made (Dodds and Rathjen 2010; Jones and Dangl 2006) . DR genes are recognized based on their increased expression pattern during plant defense (Liu et al. 2004 ). The proteins encoded by these genes include (i) structural proteins that are incorporated into the extracellular matrix and participate in the confinement of the pathogen, (ii) enzymes of secondary metabolism, and (iii) enzymes implicated to be directly involved in the DR. DR genes are generally considered to be downstream from the recognition step of the signal transduction pathway and their products are thought to enhance defense in a quantitative manner (Ramalingam et al. 2003; Young 1996) . Our previous study demonstrated that the five DR genes encoding putative oxalate oxidase, dehydrin, PR-1, chitinase, and 14-3-3 protein accounted for 30.0, 23.0, 15.8, 6 .7, and 5.5%, respectively, of blast diseased leaf area (DLA) variation and colocalized with resistance QTL identified by interval mapping (Liu et al. 2004) . Additionally, many QTL conferring quantitative resistance to several important plant diseases colocalize with candidate DR genes (Fu et al. 2009; Fukuoka et al. 2009; Ramalingam et al. 2003; Wu et al. 2004 ). Based on these results, a candidate gene strategy to isolate disease resistance QTL in rice was proposed (Hu et al. 2008; Liu et al. 2004; Manosalva et al. 2009 ). Using this strategy, for example, Hu et al. (2008) showed that four candidate genes influenced rice interactions with Xanthomonas oryzae pv. oryzae or M. oryzae. These results suggest that candidate defense gene approach is a good strategy for isolation of disease resistance QTL, leading to a better understanding of the mechanisms for quantitative disease resistance.
The 14-3-3 gene family has been reported to be involved in disease resistance in various crop plants (Finnie et al. 2002; Liu et al. 2004; Manosalva et al. 2011; Yang et al. 2009 ). The 14-3-3 proteins are ubiquitous in eukaryotic organisms (Rosenquist et al. 2000) . They act as phosphoserine-binding proteins that regulate the activities of a wide array of targets via direct protein-protein interactions (Oecking and Jaspert 2009; Roberts 2003; Shin et al. 2011 ). An increasing number of transcription factors and signaling proteins are now recognized as 14-3-3-interacting proteins. For example, 14-3-3 proteins interact with plasma membrane H + -ATPases in barley epidermal cells as they respond to infection by the powdery mildew fungus, and the interaction is postulated to be important for triggering programmed cell death (PCD) (Finnie et al. 2002) . The Arabidopsis 14-3-3 protein GF14-l interacts with the RPW8.2 protein to confer resistance to the fungal pathogen Golovonomyces spp. (Yang et al. 2009 ). Additionally, the tomato (Solanum lycopersicum) 14-3-3 protein 7 directly interacts with mitogen-activated protein (MAP) kinase kinase kinase MAPKKKa to positively regulate immunity-associated PCD (Oh et al. 2010 ). More recently, rice 14-3-3 protein (GF14e) was shown to negatively regulate resistance against both biotrophic and necrotrophic pathogens, providing the first direct evidence that 14-3-3 proteins play negative regulatory roles in broad-spectrum resistance (Manosalva et al. 2011) .
The rice 14-3-3 protein gene family has eight members named GF14a through GF14h . Previous studies indicated that GF14b and GF14f may interact with mitogen-induced MAP kinase 1 (BIMK1), which was induced by rice blast infection and participates in systemic acquired disease resistance (Cooper et al. 2003) . Four family members (GF14b, GF14c, GF14e, and GF14f) were significantly induced by M. oryzae . Taken together, these results support the idea that rice 14-3-3 proteins may play important roles in rice blast resistance. Thus far, speculation on the possible functions of 14-3-3 proteins in blast resistance has been based on their transcription changes after pathogen challenge and the colocalization of 14-3-3 genes with blast resistance QTL Liu et al. 2004) . Only GF14e has been confirmed to play a negative role in leaf blast resistance (Manosalva et al. 2011) . The functions of the other members of the 14-3-3 gene family in blast resistance are still unknown. In particular, we have no information about the effect of 14-3-3 proteins on panicle blast and their roles in the regulation of responses to blast in rice.
In the present study, we show that GF14b expression is induced during panicle blast infection but is slightly repressed during leaf blast infection. Through gene overexpression and silencing experiments, we demonstrate that GF14b positively regulates panicle blast resistance while negatively modulating leaf blast resistance. Our results also suggest that GF14b is regulated by WRKY71 and GF14b-mediated blast resistance is associated with jasmonic acid (JA) and salicylic acid (SA) signaling pathways.
RESULTS
GF14b exhibits different expression patterns during leaf blast and panicle blast infection.
To investigate the roles of GF14b in leaf and panicle blast resistance, the gene expression changes were assayed by realtime polymerase chain reaction (PCR) at 6, 12, 24, and 48 h after leaf and panicle inoculation with M. oryzae, respectively. Our results showed that GF14b expression is induced during infection of panicle blast but is slightly suppressed during infection of leaf blast (Fig. 1A) . GF14b expression in infected panicles peaked at 48 h after inoculation. These results suggest that GF14b positively regulates panicle blast resistance and negatively regulates leaf blast resistance. GF14b is highly expressed in roots, leaves of seedlings, and panicles.
To understand the temporal and spatial expression of GF14b in rice plants, we generated transgenic 'Nipponbare' lines in which expression of a b-glucuronidase (GUS) was driven by a 1,600-bp region upstream from the translational start site of GF14b. Histochemical analysis of GUS activity revealed that the GF14b promoter is highly activated in roots, shoots, and branches of panicles (Fig. 1B) . Interestingly, GUS activity was observed in branches but not glume shells at the booting stage. However, GUS activity was detected in both branches and glume shells at the heading stage, suggesting higher levels of GF14b gene expression at the heading stage. Real-time PCR experiments confirmed that GF14b is more highly expressed at heading relative to booting stages (Fig. 1C) . Because panicle blast usually occurs at the heading stage, the higher expression of GF14b during heading is consistent with a role in regulation of panicle blast resistance.
Overexpression of GF14b enhances rice resistance to panicle blast but has no effect on leaf blast resistance.
To determine the effects of GF14b expression on leaf and panicle blast, transgenic rice plants constitutively overexpressing GF14b were produced in Nipponbare, which is highly susceptible to M. oryzae isolate GD08-T13. The transgenic plants exhibited no morphological changes and were fertile. T 0 overexpression plants exhibited significantly enhanced resistance to panicle blast ( Supplementary Fig. S1A ), and real-time PCR experiments confirmed that the enhanced resistance is associated with increased accumulation of GF14b transcripts ( Supplementary Fig. S1B ). To verify that enhanced panicle blast resistance was due to the overexpression of GF14b, three transgenic lines (lines 2, 4, and 6) that exhibited enhanced resistance and that carried a single copy of the transgene were chosen for further analysis ( Supplementary Fig.  S2 ). We evaluated panicle blast resistance and expression levels of GF14b at the heading stage in each individual line through the T 3 generation. Our results show that enhanced panicle resistance was stably inherited in T 1 to T 3 generations ( Fig. 2A and B; Table 1 ; only T 2 generations shown). The enhanced resistance correlated with the increased expression levels of GF14b in all T 1 to T 3 families ( Fig. 2C ; Supplementary Fig.  S3A ). These results suggest that overexpression of GF14b improves resistance against panicle blast.
As a parallel experiment, leaves of the overexpression GF14b T 2 transgenic lines (2-1 and 4-4) at the three-and-a-halfleaf stage were inoculated with M. oryzae isolate GD08-T13. In contrast to the panicles, leaves of the T 2 transgenic plants showed the same susceptibility as the transformed empty-vector control (PHQSN) and the nontransformed control Nipponbare (Fig .  3A ; Table 2 ). Similar results were also obtained in the T 3 transgenic plants ( Supplementary Fig. S4 ). This result indicated that overexpression of GF14b has no effect on leaf blast resistance.
GF14b-silenced plants are more susceptible to panicle blast but show enhanced resistance to leaf blast.
To further confirm the effects of GF14b on blast resistance, we silenced GF14b and evaluated blast resistance in the silenced rice plants. Silencing of GF14b expression was achieved by transformation of Nipponbare rice using an RNAi vector containing a 220-bp region from the 39 untranslated region (UTR) of GF14b. The 39 UTR sequences of GF14b were chosen to specifically silence GF14b, and not other members of the 14-3-3 gene family. GF14b-suppressed (GF14bRNAi) transgenic plants were phenotypically indistinguishable from untransformed Nipponbare plants. To better distinguish the resistance phenotypes between silenced plants and control plants (PHQSN and Nipponbare), a suspension with a lower concentration of M. oryzae spores (5 × 10 7 spores/ml) was used for inoculations. Fifteen T 0 plants with different genesilencing levels were inoculated with the M. oryzaae isolate GD08-T13. Expression levels of GF14b and panicle blast resistance in T 0 plants were strongly correlated (R 2 = 0.83) Fig. 2 . Rice plants overexpressing GF14b (OXGF14b) show enhanced resistance to panicle blast infection. A, Overexpression of GF14b improves the resistance to panicle blast. PHQSN is the empty vector control. Scale bar = 2 cm. B, OXGF14b mRNA levels, as measured by real-time polymerase chain reaction, show overexpression of the gene in three T 2 transgenic plants. C, Enhanced resistance to panicle blast is associated with increased levels of GF14b expression in T 2 transgenic plants. 9.38172E-08*** OXGF14b (4-4) 9 33.88 ± 6.02 9.91412E-11*** OXGF14b (6-1) 11 34.54 ± 6.05 1.74801E-11*** a Total number = the sum of the inoculated panicles. The panicle blast resistance of a given line is evaluated by measuring the percent infected main axis length. Percent infected main axis length = infected main axis length/main axis length of the inoculated panicle × 100. Each value represents the mean ± standard error. P value is calculated using PHQSN as control and *** indicates P < 0.001. (Fig. 3C ). Transgenic plants with lower GF14b expression were more susceptible to the blast pathogen ( Fig. 3B and D ; Table 3 ). In all, 2 T 0 plants (lines 5 and 15), in which GF14b was most highly suppressed, were advanced to the T 1 generation, and 20 plants were analyzed for GF14b expression. Only 10 plants were silenced, suggesting reduced silencing in the T 1 generation (Supplementary Fig. S3B and C), but GF14b expression and panicle blast resistance in T 1 plants was still highly correlated (R 2 = 0.96) (Fig. 3C ). The T 1 transgenic plants with lower expression levels of GF14b were more susceptible to the blast pathogen ( Fig. 3E; Table 3 ). These results demonstrate that RNA silencing of GF14b makes plants more susceptible to panicle blast.
Leaves of T 1 plants from T 0 transgenic lines 5 and 15 were also tested for resistance to leaf blast. After inoculation, leaves were distinguished into two groups: a highly susceptible group that had numerous leaf lesions and a moderately resistant group that had fewer leaf lesions ( Fig. 3A ; Table 2 ' only the resistant group is shown). The enhanced resistance of the plants was also correlated with reduced expression levels of GF14b (R 2 = 0.89) (Fig. 3F) . These results suggest that GF14b negatively regulates leaf blast resistance, a result also observed for GF14e, the most closely related gene in the 14-3-3 family (Manosalva et al. 2011) .
Expression of GF14b is regulated by WRKY71.
To identify the regulatory components and understand the mechanisms of GF14b in regulation of blast resistance in rice, promoter sequences approximately 1,500 bp from the translational start site of GF14b were analyzed for cis elements. In total, 19 W-boxes (TGAC, the binding site for WRKY transcription factors) were observed, 13 of which are putative binding sites for WRKY71 (Supplementary Fig. S5 ). The numerous binding sites for WRKY71 in the promoter region of Fig. 3 . GF14b-silenced (GF14bRNAi) plants are resistant to leaf blast infection but susceptible to panicle blast infection. A, OXGF14b plants are susceptible to leaf blast but GF14bRNAi plants show enhanced resistance to leaf blast. LTH, which is highly susceptible to rice blast, is the susceptible control and SHZ is blast resistant and is the resistant control. B, GF14bRNAi plants are susceptible to panicle blast infection. Scale bar = 2cm. C, Blast disease scores are correlated with the expression levels of GF14b in both T 0 and T 1 transgenic plants after inoculation of panicles with the rice blast fungus. D and E, Transgenic plants with lower GF14b expression levels are more susceptible to panicle blast. F, Blast disease scores were correlated with the expression levels of GF14b in T 1 gene silencing plants after inoculation of leaves with Magnaporthe oryzae. Total number = the sum of the inoculated plants at the three-and-a-halfleaf stage. Leaf blast of a given line is scored by measuring the percent diseased leaf area. Each value represents the mean ± standard error of diseased leaf area. P value is calculated using PHQSN as the control and *** indicates P < 0.001.
GF14b imply that the transcription of GF14b may be regulated by WRKY71. To determine whether WRK71 is indeed involved in the regulation of GF14b, a series of experiments were performed. First, real-time PCR experiments were used to analyze the expression of WRKY71 in 'BC10' rice, a resistant advanced backcross line, after inoculation of leaves and panicles with the blast pathogen. WRKY71 expression was induced during infection of panicles and was significantly suppressed by leaf blast infection at 48 h after inoculation (Fig. 4A) , the same expression pattern as GF14b. Furthermore, WRKY71-overexpressing transgenic plants showed enhanced resistance to panicle blast (data not shown). Expression levels of GF14b were strongly induced in both T 0 and T 1 WRKY71-overexpressing plants ( Fig. 4B and C; Supplementary Fig. S6A and B) . However, overexpression or RNAi suppression of GF14b did not cause any change in WRKY71 transcript accumulation ( Supplementary Fig. S7 ). These observations show a parallel relationship between WRKY71 and GF14b in transcript level and blast resistance, and suggest that GF14b acts downstream of WRKY71.
To determine whether the transcription factor WRKY71 has direct DNA-binding activity to GF14b, yeast one-hybrid assays were performed using a DNA fragment that contained W-boxes (TGAC) from the promoter region of GF14b. Another fragment without W boxes was used as a negative control. These assays demonstrated that WRKY71 possesses specific DNA-binding ability to the promoter of GF14b and the promoter sequence without the W-boxes was not recognized by WRKY71 (Fig. 4D) . Moreover, WRKY71 was also expressed in Escherichia coli as a fusion protein with His-tag, and an electrophoresis mobility shift assay (EMSA) was conducted with the WRKY71-His fusion protein and the synthesized probes from the promoter region of GF14b with two normal or mutant TGAC motifs (Fig.  4E) . The WRKY71-His fusion protein bound the probe (14bp) with two normal TGAC motifs, and the binding was abolished by addition of unlabeled competitors (Fig. 4F) . In contrast, the WRKY71-His fusion protein did not bind to the probe (m14bp), which has two mutant TGAC motifs (Fig. 4F) . Thus, the EMSA confirms the yeast one-hybrid assay and, together, the results are consistent with WRKY71 regulation of Gf14b.
GF14b is involved in JA and SA signaling pathways.
SA and JA are major defense signaling compounds mediating disease resistance in plants (Thaler et al. 2012) . To determine whether GF14b is involved in SA-and JA-dependent pathways, we analyzed the expression patterns of some well-characterized defense-related genes, including genes related to JA synthesis (the lipoxygenases LOX1 and LOX11 and an allene oxide synthase 2 [AOS2] gene) and genes related to SA synthesis (the pathogenesis-related [PR] genes PR1a and PR10, an Arabidopsis NPR1 homolog 1 [NHI] , and a phenylalanine ammonialyase gene [PAL1]) (Deng et al. 2012) . Pathogen infection Total number = the sum of the inoculated panicles. The panicle blast resistance of a given line is evaluated by measuring the percent infected main axis length. Percent infected main axis length = infected main axis length/main axis length of the inoculated panicle × 100. Each value represents the mean ± standard error. P value is calculated using PHQSN as control and *** indicates P < 0.001. strongly induced the expression of LOX1, LOX11, and AOS2 in both wild-type and GF14b-overexpressing Nipponbare plants in both leaf and panicle tissue but expression levels of LOX1, LOX11, and AOS2 were significantly higher in GF14b-overexpressing plants than in wild-type plants both before and after pathogen infection ( Fig. 5; Supplementary Fig. S8 ). In contrast, the expression levels of LOX1 and AOS2 were significantly lower in GF14b-silenced plants than in wild-type plants either before or after M. oryzae infection (Fig. 5) . However, the transcript levels of LOX11 were strongly increased in GF14b-silenced plants either before or after infection (Fig. 5) . The expression levels of PAL1 were significantly lower in GF14b-overexpressing plants in both leaf and panicle tissue and significantly higher in GF14b-silenced plants than in the corresponding wild-type plants before and after blast infection (Fig. 5 ). There were no obvious differences in expression levels of PR1a, PR10, and NH1 between transgenic plants and wild-type plants either before or after blast pathogen inoculation (data not shown).
To further confirm whether GF14b is involved in JA and SA signaling pathways, the wild-type Nipponbare and GF14b-overexpressing plants were treated with JA and SA and the expression levels of GF14b in these plants were analyzed at both the seedling and heading stage. We also examined, in parallel, the expression of the JA-related genes (LOX1, LOX11, and AOS2) and SA-related gene PAL1 in Nipponbare. Our results show that JA significantly induced the expression of LOX1, LOX11, and AOS2 and that PAL1 was rapidly induced with a maximal transcript accumulation at 6 h after SA treatment (Supplementary Fig. S9 ). In accordance with the previous study , GF14b was significantly repressed at 3 h after JA treatment in Nipponbare but its expression returned to baseline levels at 6 and 12 h, and then was slightly induced at 24 h after treatment at the seedling stage (Fig. 6A) . Similar to the result in JA treatment, GF14b expression was repressed at 3 and 6 h then induced at 24 h after SA treatment at the seedling stage (Fig. 6A) . However, its expression was significantly induced by exogenous addition of both JA and SA at the heading stage (Fig. 6C) .With regard to the GF14b-overexpressing plants, both exogenous JA and SA treatment strongly induced expression of GF14b at all time points after pathogen inoculation at both the seedling and heading stage (Fig. 6B and  D) . Taken together, these results suggest that GF14b positively regulates the JA-dependent pathway while negatively regulating the SA-dependent pathway.
DISCUSSION
GF14b plays opposite roles in panicle blast resistance and leaf blast resistance.
Although 14-3-3 proteins function as regulators in a variety of physiological processes (Gökirmak et al. 2010; Oecking and Jaspert 2009; Purwestri et al. 2009; Roberts 2003; Shin et al. 2011; Yao et al. 2007) , little is known about their roles in rice Fig. 5 . Transcriptionally modulated GF14b influenced the expression of a set of defense responsive genes. Transgenic and wild-type plants were inoculated with Magnaporthe oryzae isolate GD08-T13 at the heading stage, and relative gene expression was measured by real-time quantitative polymerase chain reaction. Asterisks indicate significant differences between transgenic and wild-type plants before blast infection (CK) and at 48 h after infection with M. oryzae at P < 0.01. Expression data are the means of three replicates ± standard deviation. blast disease or resistance, particularly in panicle blast, the more destructive type of rice blast disease. Though previous studies showed that GF14e was colocalized with a QTL for blast resistance (Liu et al.2004) , and GF14b, GF14c, GF14e, and GF14f are differentially expressed in rice seedlings after challenge by blast pathogen , only GF14e has been confirmed to function in leaf blast resistance (Manosalva et al. 2011) . In the present study, the GF14b-overexpressing plants showed enhanced resistance to panicle blast ( Fig. 2A) but were susceptible to leaf blast (Fig. 3A) . In contrast, RNAi silencing of GF14b led to increased susceptibility to panicle blast (Fig. 3B ) but enhanced leaf blast (Fig. 3A) . Interestingly, GF14b showed a dynamic expression pattern, with increased transcript levels from the booting stage to the heading stage (Fig. 1B and 1C) . The higher expression level of GF14b at heading stage is consistent with its role in panicle blast resistance, because panicle blast normally occurs after heading in rice. Overall, we demonstrate the involvement of the 14-3-3 protein family in panicle blast resistance, and show that one family member, GF14b, functions as a positive regulator of panicle blast but a negative regulator of leaf blast resistance. This study provides new, compelling evidence for the difference in mechanisms between leaf and panicle blast resistance in rice.
WRKY genes are involved in GF14b-mediated rice blast resistance.
The WRKY superfamily, which is localized in the nucleus, regulates gene expression by binding to the W-boxes in the promoter regions of the target genes (Eulgem et al. 2000) . Thus far, many WRKY genes have been reported to be involved in disease resistance in different plants (Journot-Catalino et al. 2006; Kim et al. 2006; Marchive et al. 2013; Meng and Wise 2012; Wang et al. 2013; Yu et al. 2012) , including rice (Chujo et al. 2013; Liu et al. 2007; Peng et al. 2010; Qiu et al. 2007; Wei et al. 2013) . The presence of 19 W-boxes (including 13 binding sites of WRKY71) in the promoter region of GF14b, the localization of GF14b to the nucleus , the similar expression patterns of OsWRKY71 and GF14b during leaf and panicle blast infection (Fig. 4A) , and our evidence that OsWRKY71 binds to the promoter of GF14b (Fig. 4D and F) are consistent with the regulation of GF14b by WRKY genes, particularly the OsWRKY71. Strong induction of GF14b in both T 0 and T 1 OsWRKY71-overexpressing plants (Fig. 4B and C) further supports a role for OsWRKY71 in regulation of GF14b. Because overexpression or RNAi suppression of GF14b did not cause any change in OsWRKY71 transcript accumulation, we propose that OsWRKY71 controls GF14b-mediated resistance to M. oryzae in rice by regulating the transcription of GF14b but that GF14b acts downstream of WRKY71. However, there are numerous W-boxes in the promoter regions of GF14b and our microarray experiments also showed that several WRKY genes, in addition to OsWRKY71, were differentially expressed during leaf and panicle blast infection (data not shown). Therefore, it is possible that other WRKY genes may be also involved in regulating the transcription of GF14b. Further study will be required to confirm the interactions between other WRKY genes and GF14b.
GF14b-mediated disease resistance is associated with activation of the JA-dependent pathway and suppression of SA-dependent pathway.
The 14-3-3 proteins function as regulators of a wide range of target proteins by regulating target proteins that function in either transcriptional activation or defense (Roberts et al. 2002) . GF14e-silenced rice plants showed enhanced resistance to a virulent strain of X. oryzae pv. oryzae and the necrotrophic fungal pathogen Rhizoctonia solani, and the enhanced resistance was correlated with higher basal expression of a DR peroxidase gene (POX22.3) and accumulation of reactive oxygen species (ROS) (Manosalva et al. 2011) . Among the eight members in the 14-3-3 gene family, GF14b is most closely related to GF14e . Thus, it is reasonable to expect that they might have similar functions and mechanisms in disease resistance in rice. Indeed, both GF14e and GF14b function as negative regulators in leaf blast resistance. However, the levels of ROS in the GF14b-overexpressing plants and the GF14b-silenced plants were not significantly changed Fig. 6 . Effects of jasmonic acid (JA) and salicylic acid (SA) on the expression of GF14b. A, Exogenously applied JA and SA affect the expression of GF14b in Nipponbare rice at the seedling stage. B, Exogenously applied JA and SA strongly induce the expression of GF14b at 3, 12, and 24 h after treatment in the OXGF14b overexpression plants at the seedling stage. C, Exogenously applied JA and SA affect the expression of GF14b in panicle tissue of Nipponbare. D, Exogenously applied JA and SA strongly induce the expression of GF14b at 8, 24, and 48 h after treatment in panicle tissue of OXGF14b overexpression plants. Asterisks indicate a significant difference between the control (CK) and hormone treatments at the same time, with P < 0.01. Expression data are the mean of three replicates ± standard deviation. compared with wild-type plants (data not shown), suggesting that GF14b-mediated blast resistance is independent of the ROS signaling pathway and there may be different pathogen response pathways among the members in 14-3-3 gene family.
The signaling molecule JA has been implicated in the regulation of many plant resistance responses (Robert-Seilaniantz et al. 2011) . The JA synthesis pathway originates from a-linolenic acid, and LOX and AOS2 encode two important enzymes in this pathway (Xie et al. 2011; Zhao et al. 2005) . LOX, which catalyzes the first step in biosynthesis of JA from a-linolenic acid, plays a pivotal role in rice resistance to blast fungus (Ohta et al. 1991; Peng et al. 1994; Qiu et al. 2007 ). Additionally, overexpression of AOS2 increases endogenous JA and enhances resistance to blast in rice (Mei et al. 2006) . In the present study, we observed that the expression levels of LOX1, LOX11, and AOS2 were higher in the GF14b-overexpressing plants than in wild-type (Nipponbare) plants both before and after blast infection (Fig. 5) , consistent with a more active JA signaling pathway in GF14b-overexpressing plants. In contrast, the expression of the LOX1 and AOS2 genes were more reduced in GF14b-silenced plants than in Nipponbare both before and after infection (Fig. 5) , likely leading to reduced JA signaling in GF14b silencing plants. Exogenous JA induced the accumulation of GF14b in both Nipponbare and the GF14b-overexpressing plants (Fig. 6) , and the accumulation of GF14b occurs more rapidly in the GF14b-overexpressing plants than in Nipponbare. These results suggest that GF14b positively regulates the JA-dependent pathway. Thus, one possible role for GF14b in defense against rice blast may be as a positive regulator of JA-mediated DR signaling.
SA is another plant hormone involved in host-pathogen interactions. In the present study, we analyzed the expression of PR1a, PR10, NH1, and PAL1 genes, which are associated with SA-dependent pathways. Only the expression of PAL1 was significantly suppressed in GF14b-overexpressing plants whereas its expression was strongly induced in GF14b-silenced plants both before and after inoculation (Fig. 5) . PAL1 is a member of the phenyalanine ammonia lyase gene family, which encodes enzymes that catalyze the first step in the phenylpropanoid pathway and, ultimately, in SA biosynthesis (Olsen et al. 2008) . These results suggest that GF14b might play a negative role in SA-mediated signaling pathways through negative regulation of SA biosynthesis. Application of exogenous SA strongly induced the accumulation of GF14b in both wild-type and GF14b-overexpressing plants (Fig. 6) . Thus, one action site of GF14b should be downstream of SA and upstream of PAL1 in the defense signaling network. Both SA and JA can induce the expression of GF14b. However, the expression patterns of defense-related genes involved in the biosynthesis of JA and SA in transgenic plants clearly indicated that GF14b activates the JA-dependent pathway and suppresses the SAdependent pathway. Hence, our data indicate that GF14b may be involved in antagonistic interactions between SA-and JAdependent pathways, perhaps by regulating the expression of a subset of genes involved in synthesis of SA and JA, through multiple positive and negative feedback loops. The antagonistic interactions between JA-dependent and SA-dependent DR pathways have been described in studies of disease responses involving many DR genes such as WRKY70 (Li et al. 2004) , WRKY33 (Zheng et al. 2006) , and C3H12 (Deng et al. 2012) . Nevertheless, the molecular mechanisms underlying these antagonistic interactions remain unclear. Regulatory proteins such as GF14b may provide tools to further elucidate the mechanisms of the antagonistic actions between different DR pathways.
Expression of LOX11 significantly increased in the GF14b-overexpressing plants relative to wild-type plants before and after infection (Fig. 5) . However, LOX11 was also significantly induced in the GF14b-silenced plants compared with wild-type plants before and after inoculation. These results indicate that one or more other factors independent of GF14b also regulate some DR genes. These results also suggest that multiple mechanisms may be involved in rice resistance against M. oryzae.
In conclusion, in the present study, we have confirmed the functions of GF14b on leaf and panicle blast resistance by differential expression and transgenic method and investigated its possible regulatory mechanism. Our results suggest that GF14b positively regulates panicle blast resistance while negatively modulating leaf blast resistance (Fig. 7) . OsWRKY71 controls GF14b-mediated resistance to M. oryzae in rice by regulating the transcription of GF14b, and GF14b-mediated disease resistance is associated with activation of the JAdependent pathway and suppression of the SA-dependent pathway. However, because there are numerous W-boxes in the promoter region of GF14b, we do not know whether other WRKY factors in addition to OsWRKY71 are involved in GF14b-mediated resistance to M. oryzae in rice. Furthermore, we still do not know whether the other 14-3-3 genes also play different roles in leaf and panicle blast resistance and how GF14b coordinates with the other 14-3-3 genes to contribute to blast resistance in rice. Further study is needed to address these issues. Our results provide new insight into the functions of the 14-3-3 gene family in blast resistance in rice, and the demonstration of different functions of GF14b in leaf and panicle blast resistance provides new, compelling evidence for the difference in mechanisms between leaf and panicle blast resistance in rice which may, in part, account for the low correlation between the levels of leaf and panicle blast observed in the field.
MATERIALS AND METHODS

Vector constructs and rice transformation.
For the P 35S :GF14b (OXGF14b) construct, GF14b cDNA was amplified from BC10 rice, a blast-resistant line, by realtime PCR using forward primer 59-TGCAGACTTGGCATTTG TAGAG-39 and reverse primer 59-TACGAGTAGCTTAAAGG CGAGA-39. The GF14b RNAi construct was generated by cloning an antisense 219-bp PCR product corresponding to the 39 UTR of GF14b. This fragment was amplified using forward primer 59-ACCTATGTGGCTGTGATTGTTG-39 and reverse primer 59-CGGACCATAACAATAAACACCAAT-39. The resulting products were cloned into pEASY-T1 (TransGen) and verified by sequencing. The entry clone for OXGF14b was inserted into pHQSN (modified from pCAMBIA1390), harboring Fig. 7 . Diagram proposing the effects of GF14b on leaf and panicle blast resistance in rice and its possible regulatory mechanism. LOX1, LOX2, and AOS2 are the key genes in the jasmonic acid (JA) pathway; PAL1 is a key gene in the salicylic acid (SA) pathway; + = positive regulation, _ = negative regulation, and ? = unknown. a Cauliflower mosaic virus 35S promoter. The clone for silencing was inserted into pRNAi-Ubi, which is suitable for generation of hairpin-RNA constructs. The overexpression construct of WRKY71 was made by inserting the coding sequence into pHQSN using the same method.
The P GF14b :GUS constructs were produced as follows: approximately 2.0-kb fragments were amplified from upstream of GF14b in BC10 genomic DNA using specific primers (59-GCACTGGTTTCAATAGTTCGGG-39 and 59-GCGAAGGAA TACCTCTGTGTGC-39). The fragment was subcloned into pCAMBIA1381Z with GUS. All plasmids were electroporated into Agrobacterium tumefaciens EHA105. The expression and control vectors were introduced into calli of Nipponbare via Agrobacterium-mediated genetic transformation.
Real-time quantification of mRNA.
Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Total RNA was reverse-transcribed using the Primescript RT reagent kit (Takara). Real-time PCR was carried out using SYBR Premix ExTaq (Takara) to detect PCR products. The EF1a gene was used as a reference gene. Real-time PCR was performed according to the manufacturer's instructions, and the resulting melting curves were visually inspected to ensure specificity of product detection. Gene expression was quantified by the comparative cycle threshold method. Experiments were performed in triplicate, and results were represented as mean ± standard deviation. The primers used in this study are listed in Supplementary Table S1 .
Plant growth and pathogen inoculations.
T 0 transgenic plants generated from calli were transferred to soil; these and the T 1 , T 2 , and T 3 segregating progeny germinated from seed were grown in soil in the greenhouse. For evaluation of leaf blast resistance, seedlings were inoculated at 14 days after sowing by spraying with spore suspension of M. oryzae isolate GD08-T13 at 1 × 10 6 spores/ml. Inoculated plants were maintained in a growth chamber (25°C, 16,000 Lux, and 100% relative humidity) in the dark for 24 h; then, the growth chamber was set to a photoperiod of 16 h of light and 8 h of darkness at 25°C and 100% relative humidity. Disease was assessed 5 days after inoculation by measuring the percent DLA. Each treatment was repeated twice. For panicle blast inoculation, a cotton-wrapping inoculation method was used. The upper-middle part of a panicle was wrapped with sterile cotton at 2 to 3 days after heading. Next, 1 ml of a suspension of M. oryzae GD08-T13 at 1 × 10 7 spores/ml was injected into the cotton, after which the cotton was wrapped with foil. The inoculated plants were sprayed with water for 3 to 4 min every 3 h to maintain the humidity. Evaluation of panicle blast resistance was conducted at 3 weeks after inoculation by measuring the percent infected main axis length.
Promoter analysis for cis elements.
Approximately 1,500 bp of sequence upstream of the GF14b coding region was extracted from the MSU rice genome annotation project to identify cis-acting elements. The sequence was scanned by PLACE, a database that includes nucleotide sequence motifs found in plant cis-acting regulatory DNA elements.
Yeast one-hybrid assays.
The interaction of WRKY71 protein with W-boxes in the promoter region of GF14b was examined using a yeast onehybrid assay according to the manufacturer's protocol (Clontech Yeast Protocols Handbook; BD Biosciences Clontech). The DNA fragment without a W-box from the promoter region of GF14b was used as a negative control. Positive interactions were verified by growing on SD-Leu agar medium with Aureobasidin A added.
GUS activity histochemical staining.
GUS activity in transgenic seedlings was localized by histochemical staining with 5-bromo-4-chloro-3-indolyl-b-Dglucuronic acid (X-Gluc). Transgenic seedlings were incubated overnight at 37°C in staining buffer (1 mM X-Gluc, 100 mM sodium phosphate [pH 7.0], 10 mM EDTA, 0.5 mM K 4 Fe (CN) 6 , 0.5 mm K 3 Fe(CN) 6 , and 0.1% [vol/vol] Triton X-100) and then destained in 70% ethanol before photography.
EMSA.
For generation of recombinant WRKY71 proteins, its fulllength cDNA clone was cloned into pET32a (Novagen) and transformed into Escherichia coli strain BL21(DE3)plysS. Induction of expression and purification of recombinant Histagged WRKY71 proteins were performed according to the protocol provided by Novagen. The purified proteins were then refolded according to the Pierce Protein Refolding kit. The EMSA experiments were conducted using a LightShift Chemiluminescent EMSA Kit (Pierce) following the manufacturer's protocol. The fragments of the GF14b promoters were synthesized by Sangon (Shanghai) and were biotin labeled. Biotin-unlabeled fragments of the same sequences were used as competitors.
Phytohormone treatments.
Mature seed of Nipponbare and transgenic plants were soaked in distilled water for 2 days at room temperature. Then, the seed were placed in sterile gauze for another 1 day at room temperature for germination. Germinated seed were placed in gauze and transferred to a tray for incubation in a growth chamber at 25°C, 16,000 Lux, 70% relative humidity, and a 12-h photoperiod. Two-week-old rice seedlings were sprinkled with different plant hormone solutions, each at a concentration of 100 µM. Sampling for RNA extraction was conducted at 3, 6, 12, and 24 h after treatment. For hormone treatment on the panicle tissue, the same cotton-wrapping inoculation method was used as the pathogen inoculation. Sampling for RNA extraction was conducted at 8, 24, and 48 h after treatment. The experiments were repeated twice.
